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Abstract- — Recent solar cycles, particularly the ascending and peak phases of Solar Cycle 25 (2020-2025), have been
characterized by heightened solar activity, including X-class flares, fast coronal mass ejections (CMEs), and complex
interplanetary shocks. These transient events strongly modulate galactic cosmic rays (GCRs) and produce solar energetic
particles (SEPs), thereby altering the flux, energy spectrum, and anisotropy of high-energy charged particles in near-Earth space.
This paper synthesizes observational and theoretical advances concerning the effect of recent solar events on high-energy cosmic
ray particles (>100 MeV to multi-GeV), with emphasis on Forbush decreases, shock acceleration, magnetic cloud interactions,
and ground level enhancements (GLEs). We discuss observations from neutron monitor networks and space-based detectors
such as Parker Solar Probe, Solar Orbiter, ACE, and GOES, highlighting case studies from 2021-2024. Quantitative comparisons
reveal cosmic ray depressions of 3-20% during major CME passages and episodic enhancements up to GeV energies during
extreme SEP events. The broader implications for space weather, atmospheric ionization, and radiation risk are examined.
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INTRODUCTION

Galactic cosmic rays (GCRs) constitute a persistent flux of
relativistic charged particles—predominantly protons (~85%),
alpha particles (~12%), and a minor heavy-ion component—
originating from astrophysical accelerators such as supernova
remnants and possibly more exotic sources in the Galaxy. Upon
entering the heliosphere, these particles experience modulation
by the large-scale heliospheric magnetic field (HMF), which is
structured by the solar wind and governed by the 11-year solar
cycle. The theoretical foundation for heliospheric modulation
is provided by the Parker transport framework, which
incorporates spatial diffusion, gradient and curvature drifts,
convection by the expanding solar wind, and adiabatic energy
losses (Parker, 1965; Gleeson & Axford, 1968). Long-term
modulation results in a factor-of-two variation in ~100 MeV
proton intensities between solar minimum and maximum,
while higher-rigidity (>10 GV) particles exhibit more modest
variations due to reduced scattering cross-sections and larger
gyro-radii. Observational reconstructions based on neutron
monitor data and cosmogenic isotopes confirm that cosmic ray
flux near Earth is anti-correlated with solar activity, with

minima occurring during solar maxima when magnetic
turbulence and heliospheric field strength are enhanced
(Usoskin, 2017).

Superimposed on this solar-cycle modulation are short-term
transient disturbances driven by eruptive solar phenomena,
particularly coronal mass ejections (CMEs), interplanetary
shocks, and magnetic clouds. These structures act as diffusive
barriers, temporarily suppressing GCR flux in events known as
Forbush decreases (FDs), first identified in neutron monitor
data in the mid-20th century (Forbush, 1937; Cane, 2000). The
amplitude of FDs depends on CME speed, magnetic field
strength, turbulence level, and the observer’s geomagnetic
cutoff rigidity, with typical depressions ranging from 3% to
over 20% in polar stations during strong halo CMEs
(Richardson & Cane, 2011). The physical interpretation
invokes enhanced perpendicular diffusion suppression and
magnetic field line draping around the CME flux rope, leading
to reduced cosmic ray penetration into the disturbed region.
Modern spacecraft such as ACE and GOES provide in situ
measurements of interplanetary magnetic field (IMF) intensity
and solar wind parameters that correlate quantitatively with FD
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depth, demonstrating that strong IMF compressions (20-30 nT
at 1 AU) are associated with the largest cosmic ray depressions.
In contrast to the suppression of GCRs, solar eruptive events
can directly accelerate charged particles to high energies,
producing solar energetic particles (SEPs) that sometimes
extend to relativistic (>1 GeV) energies capable of generating
ground level enhancements (GLEs). Diffusive shock
acceleration (DSA) at CME-driven shocks remains the leading
theoretical mechanism for producing power-law energy spectra
extending into the GeV range (Reames, 2013; Desai &
Giacalone, 2016). Recent measurements by Parker Solar Probe
have revealed rapid proton acceleration within 0.1 AU of the
Sun, highlighting the efficiency of quasi-perpendicular shocks
in generating high-energy tails. Simultaneously, multi-point
heliospheric observations from Solar Orbiter have enabled
detailed mapping of particle anisotropies and radial evolution
of energetic particle populations, improving our understanding
of transport effects between the Sun and Earth. These
observations collectively demonstrate that solar transients
simultaneously suppress background GCRs while enhancing
locally accelerated SEPs, creating complex spectral and
temporal signatures in high-energy particle fluxes.

Solar Cycle 25, which began in December 2019, has entered an
unexpectedly active phase with multiple fast halo CMEs
(>2000 km s™') and X-class flares during 2022-2024. Early
forecasts predicted a relatively weak cycle; however, observed
sunspot numbers and CME occurrence rates have exceeded
initial dynamo-based projections (Gopalswamy et al., 2022).
Correspondingly, neutron monitor networks have recorded
several significant Forbush decreases exceeding 15%, and
GOES >100 MeV proton channels have documented SEP
fluxes surpassing 10° particle flux units (pfu) during major
events. These observations provide a timely opportunity to
assess the impact of recent solar events on high-energy cosmic
rays across a broad rigidity spectrum (1-20 GV).
Understanding these effects is critical not only for heliophysics
but also for practical considerations, including aviation
radiation exposure, satellite single-event effects, and astronaut
safety in low-Earth orbit and deep-space missions (Schwadron
etal., 2014).

Beyond space weather applications, variations in high-energy
cosmic ray flux have implications for atmospheric ionization,
middle-atmosphere  chemistry, and potentially cloud
microphysics. Changes of 10-20% in GCR intensity can alter
ion pair production rates in the upper troposphere and lower
stratosphere, influencing NOx formation and ozone balance
(Usoskin, 2017). Although the magnitude of climatic coupling
remains debated, the geophysical relevance of cosmic ray
modulation during strong solar events is well established.

Consequently, comprehensive analysis of Solar Cycle 25
disturbances provides both a testbed for heliospheric transport
theory and an applied framework for radiation hazard
assessment.

This study synthesizes theoretical modeling and multi-
instrument observations to quantify how recent solar events
have altered high-energy cosmic ray flux near Earth. Emphasis
is placed on energy-dependent modulation, rigidity spectra
evolution, and the dual role of CMEs in both suppressing
galactic cosmic rays and accelerating solar energetic particles.
By integrating neutron monitor data with in situ spacecraft
measurements, the introduction establishes the physical and
observational foundation necessary for detailed analysis of
Solar Cycle 25 cosmic ray variability.+

II. DATA AND METHODOLOGY

A comprehensive evaluation of the effects of recent solar events
on high-energy cosmic ray particles requires coordinated
analysis of space-based energetic particle measurements, in situ
solar wind and magnetic field observations, and ground-based
neutron monitor (NM) data. This study integrates multi-
instrument observations spanning 2021-2024 (ascending to
maximum phase of Solar Cycle 25) to quantify transient cosmic
ray suppression (Forbush decreases, FDs) and high-energy
solar energetic particle (SEP) enhancements. Space-based
proton flux data were obtained from the Energetic Particle
Sensors aboard GOES, specifically the >10, >50, and >100
MeV channels, which provide 5-minute cadence flux
measurements in particle flux units (pfu). These data enable
characterization of SEP intensity profiles, spectral hardness,
and event-integrated fluence. Solar wind plasma parameters
(velocity (V_{sw}), density (n_p)) and interplanetary magnetic
field (IMF) components were obtained from the MAG and
SWEPAM instruments onboard ACE, providing 1-minute
resolution data at L1. CME kinematics (projected speed,
angular width) were cross-validated using coronagraph
observations from SOHO/LASCO catalogs and event reports.

Table 1. Major Solar Cycle 25 CME Events and Associated
Cosmic Ray Modulation
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ent | re | ME | ak | ck Ampli | Ampli | very
Dat | Cl | Spe | IM | Arri | tude tude Time
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To capture near-Sun acceleration processes and radial evolution
of energetic particles, we incorporated contextual results from
Parker Solar Probe and Solar Orbiter, particularly for events
where multi-point heliospheric geometry constrained shock
propagation direction and magnetic connectivity. These
missions provide essential constraints on diffusive shock
acceleration efficiency and particle injection timing. Ground-
based cosmic ray measurements were sourced from the global
neutron monitor network, including polar stations (cutoff
rigidity <1 GV), mid-latitude stations (~5 GV), and equatorial
stations (>10 GV). Pressure-corrected count rates were
normalized to quiet-time baselines (£5 days surrounding event
onset) to compute relative intensity changes.

III. EVENT SELECTION CRITERIA

Solar events were selected based on the following thresholds:

CME speed (>1000) km s™*

IMF peak (>15) nT at 1 AU

Clear shock signature in ACE data

Measurable neutron monitor intensity variation (>3%)

Using these criteria, eight major events (2021-2024) were
analyzed. Among them, three events exhibited FD amplitudes

exceeding 15% at polar stations, and two events produced >100
MeV proton flux exceeding 1000 pfu.

IV. STATISTICAL REGRESSION
FRAMEWORK

To quantify relationships between CME/IMF parameters and
FD amplitude, we performed multivariate regression:
FD =a VCMEo Bmaxp + ¢

where:

. (V_{CME}) = CME speed

. (B_{max}) = peak IMF magnitude
. (a), a, B = regression coefficients

. € = residual error

Log-log regression yielded:

FD « VCMEQ0.78 £ 0.12 Bmax0.62 + 0.10

with correlation coefficient (R = 0.83), indicating strong
dependence on both CME kinematics and magnetic field
compression.

V. ENERGY-DEPENDENT MODULATION
ANALYSIS

Rigidity-dependent modulation was evaluated by comparing
NM stations with different cutoff rigidities. Assuming power-
law rigidity dependence:

AI/T < R-0,

we derived o values between 0.42 and 0.58 during strong
events, consistent with turbulence-enhanced perpendicular
diffusion suppression predicted by Parker transport theory
(Parker, 1965; Gleeson & Axford, 1968). Lower-rigidity
stations exhibited FD amplitudes up to 20%, whereas equatorial
stations rarely exceeded 6—8%.

VI. RESULTS AND STATISTICAL
CHARACTERIZATION

Forbush decrease profiles

FD events displayed two-step structures:

. Sudden shock-related drop (<12 hours)

. Gradual magnetic cloud depression (1-3 days)

The largest Solar Cycle 25 event (September 2023) showed:
. CME speed: 2100 km s™*

IMF peak: 28 nT

Polar NM FD amplitude: 18-20%

Recovery time: ~5 days
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Mean FD amplitude across events: 11.6 + 4.2%.

VII. SOLAR ENERGETIC PARTICLE

ENHANCEMENTS
Table 2. Solar Energetic Particle (SEP) Flux Characteristics e
Eve | >10 | >50 | >10 | Spectr | Estimated | Minor ; oStk Compresson ot
nt | Me | Me| O al Shock GLE
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(pf | (pf k 1 o B B &
u) u) (pf Event ID
u)
és 820 780 | 210 | 3.6 3.0 No Table 3. Regression Analysis of FD Dependence
ct
202 Model: FD = a VCMEa Bmaxf3
1 Parameter Value Standard p-
20 480 120 540 3.2 3.4 Yes Error value
Jan 10 10 (Polar) a 0.0021 | +0.0004 <0.01
202 o (CME Speed Index) | 0.78 | +0.12 <0.01
2 B (IMF Index) 062 | 0.10 <0.01
13 1690 | 210 | 820 | 2.9 3.7 Yes Correlation Coefficient | 0.83 | — —
Mar 0 0 (R)
502 Adjusted R? 069 | — —
18 980 | 310 | 120 | 2.7 3.9 Yes SEP events associated with fast halo CMEs demonstrated
;eg 0 0 0 power-law spectra extending beyond 100 MeV. GOES data
30 revealed peak fluxes:
Feb |0 |0 . 100 MeV: 5001200 pfu
202
4 Spectral indices (y) ranged from 2.5-3.8, indicating strong

shock acceleration. Minor ground-level enhancements were
observed at polar NMs, confirming relativistic proton injection.

Diffusion Coefficient Suppression

Assuming radial diffusion coefficient:

Kk« RS/ B
o Flux_L0VoV ot we infer that IMF amplification by factor 2-3 during CME

soMe\._pl passage reduces (\kappa) by approximately 30—50%, consistent

with observed FD magnitudes. Turbulence enhancement
further decreases parallel mean free path from ~0.3 AU (quiet
conditions) to ~0.1-0.15 AU during strong disturbances.

o , . . Radiation and atmospheric implications

Event 1D High-energy SEP flux enhancements produced transient
increases in effective dose equivalent at aviation altitudes (12
km) by factors of 2-8 during major events. Polar routes
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experienced the highest increases due to geomagnetic
funneling. Atmospheric ionization models indicate that a 15%
GCR suppression reduces ion pair production in the lower
stratosphere by ~7-9%, with potential implications for NOx-
mediated ozone chemistry (Usoskin, 2017). However, climatic
impact remains secondary compared to anthropogenic forcing.

VIII. DISCUSSION

The dual nature of solar transients—simultaneously
suppressing galactic cosmic rays while accelerating solar
energetic particles—create complex spectral evolution. Early
shock arrival produces abrupt SEP injection and initial FD
onset; subsequent magnetic cloud passage governs prolonged
cosmic ray depression. Solar Cycle 25 events suggest enhanced
transient modulation relative to early cycle forecasts, although
long-term heliospheric magnetic field strength remains
comparable to late Solar Cycle 24 values. The increased
frequency of fast halo CMEs may indicate stronger magnetic
complexity in active regions despite moderate sunspot counts.
The results presented above demonstrate that Solar Cycle 25
transient activity has produced significant modulation of high-
energy cosmic rays through coupled suppression—enhancement
mechanisms. In this section, we examine the physical
interpretation of these observations, compare Solar Cycles 24
and 25, evaluate transport coefficients under disturbed
heliospheric conditions, and assess implications for predictive
modeling and extreme-event risk.

IX. PHYSICAL INTERPRETATION OF
TRANSIENT MODULATION

Forbush decreases (FDs) observed during 2021-2024 events
exhibit the classical two-step structure: (1) shock-related
sudden onset and (2) magnetic cloud—driven gradual
depression. This morphology supports the diffusive barrier
model first formalized by Cane (2000) and later refined by
Richardson & Cane (2011), in which enhanced magnetic
turbulence upstream and inside the interplanetary CME
(ICME) reduces perpendicular diffusion coefficients.

Under quiet conditions, the parallel diffusion coefficient at 1
AU for ~1 GV particles is typically:

«ll,0 ~ (3-6) x 1022 cm2 s-1

During strong CME passages (IMF > 25 nT), turbulence
amplification reduces this coefficient by ~40%, consistent with
the observed 15-20% intensity depressions. The rigidity-
dependent modulation index (a =~ 0.4-0.6) aligns with quasi-
linear theory predictions where:

K < RS

with 8 = 0.3-0.6 depending on turbulence spectral slope
(Kolmogorov vs Kraichnan).

Recent in situ measurements near perihelion by Parker Solar
Probe demonstrate that shock obliquity strongly controls high-
energy particle acceleration efficiency. Quasi-perpendicular
shocks generate harder spectra and more rapid particle injection
compared to quasi-parallel geometries, influencing both SEP
flux enhancement and downstream GCR suppression profiles.

Comparative Analysis: Solar Cycle 24 vs Solar Cycle 25
Although Solar Cycle 24 was magnetically weak overall, it
produced several intense SEP events early in its maximum
phase (2012-2014). However, statistical comparison reveals
notable distinctions:

Parameter Solar Cycle Solar Cycle 25
24 (Peak) (2021-2024)
Mean IMFat1 AU | 5-7 6-8
(nT)
Extreme CME ~2000 >2100
Speed (km s™)
Maximum FD ~15% ~20%
amplitude
>100 MeV SEP ~700 pfu >1000 pfu
peak flux
GLE occurrence Rare Re-emerging

Despite moderate sunspot forecasts, Solar Cycle 25 has
produced a higher frequency of fast halo CMEs. This suggests
that magnetic complexity, rather than raw sunspot number, may
better predict transient cosmic ray modulation intensity. Early
Solar Cycle 25 data imply more efficient shock acceleration
and stronger magnetic compression relative to late Solar Cycle
24 conditions.

Coupled Suppression—Enhancement Dynamics
One of the most physically intriguing features of recent events
is the near-simultaneous observation of:

. Rising >100 MeV proton flux (SEP enhancement)
. Falling neutron monitor count rates (GCR
suppression)

This dual behavior reflects the interplay between shock
acceleration and diffusive shielding. As the CME-driven shock
accelerates solar protons, it simultaneously increases magnetic
turbulence levels that scatter incoming galactic particles.

The temporal offset between SEP peak and FD minimum
provides constraints on transport timescales:
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e SEP injection time: <1-2 hours post flare
e FD minimum: typically 12-36 hours after shock arrival

This delay is consistent with magnetic cloud expansion and
maximum diffusion suppression occurring after initial shock
compression.

Atmospheric and Radiation Implications

High-energy (>100 MeV) SEP events present the primary
radiation hazard. Using standard atmospheric radiation
transport models (e.g., NAIRAS-type simulations), events
exceeding 1000 pfu can elevate effective dose rates at aviation
altitude from:

Background: ~3-5 pSv/hr
During event: 10-30 pSv/hr

Polar routes are particularly vulnerable due to low geomagnetic
cutoff rigidity (<1 GV).

Conversely, Forbush decreases temporarily reduce background
GCR-induced atmospheric ionization by ~7-10% in the lower
stratosphere. Although small compared to long-term solar-
cycle variation, these transient reductions offer natural
experiments for studying ion-mediated aerosol nucleation
processes (Usoskin, 2017).

Transport modeling constraints

The Parker transport equation remains the foundational model
for heliospheric cosmic ray modulation (Parker, 1965; Gleeson
& Axford, 1968). However, Solar Cycle 25 events highlight
limitations of steady-state approximations. Time-dependent,
three-dimensional MHD-driven simulations are required to
accurately reproduce observed FD amplitudes. Stochastic
differential equation (SDE) solvers show that a 30-50%
reduction in diffusion coefficient combined with enhanced drift
suppression can reproduce 15-20% FD magnitudes for 1 GV
particles. Inclusion of dynamic turbulence spectra improves fit
to multi-rigidity neutron monitor observations.

Implications for Space Weather Forecasting

Operational forecasting currently relies heavily on real-time
proton flux data from GOES and upstream solar wind
monitoring from ACE. However, predictive skill for extreme
SEP events remains limited. Recent machine learning
frameworks trained on CME speed, flare class, IMF
orientation, and active region magnetic complexity have
achieved:

. SEP occurrence prediction accuracy: 80-90%

. FD amplitude estimation error: £3—5%

Integration of multi-point heliospheric observations from Solar
Orbiter improves geometric connectivity modeling, reducing
false alarms in SEP prediction. In my assessment, the next
advancement will require hybrid physics-informed neural
networks that explicitly incorporate diffusion coefficients and
shock compression ratios rather than relying solely on
empirical correlations.

Extreme event risk and solar superstorms

Historical events such as the 1859 Carrington Event suggest
that extreme SEP fluxes may exceed modern observational
ranges. If a comparable event occurred under current
heliospheric conditions, modeled >100 MeV proton flux could
exceed 10,000 pfu, potentially producing:

. Aviation dose rates >50 uSv/hr
. Significant satellite single-event upsets
. Severe radiation exposure for deep-space crews

Solar Cycle 25 has not yet produced a Carrington-scale event,
but the increasing CME velocity distribution indicates elevated
transient risk during its maximum phase (2024-2025).

The comprehensive analysis of Solar Cycle 25 events

demonstrates:

e Enhanced CME magnetic compression drives strong
diffusion suppression.

e Shock acceleration efficiency governs SEP spectral
hardness.

e Rigidity-dependent
transport predictions.

e Coupled SEP-FD dynamics provide diagnostics of
heliospheric turbulence evolution.

e Radiation forecasting requires integrated physics—data
modeling frameworks.

e Solar Cycle 25 is emerging as a dynamically significant
cycle for high-energy particle modulation despite
moderate long-term solar dynamo projections.

modulation confirms theoretical

X. CONCLUSIONS

e  Eight major Solar Cycle 25 events (2021-2024) produced
FD amplitudes up to 20%.

e FD magnitude strongly correlates with CME speed and
IMF intensity (R ~ 0.83).

e Rigidity dependence follows power-law index o~ 0.4-0.6.

e SEP events produced >100 MeV proton flux exceeding
1000 pfu in extreme cases.

e Diffusion coefficient suppression of ~30-50% explains
observed modulation depth.
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e These results reinforce the predictive value of integrated
CME-IMF—particle monitoring frameworks and highlight
the necessity of improved modeling for extreme-event
forecasting.
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